INTRODUCTION
The Golgi reassembly stacking proteins (GRASPs) were identified through in vitro assays as factors required for the stacking of Golgi cisternae and the tethering of vesicles destined to fuse with the Golgi apparatus (Barr et al., 1997; Shorter et al., 1999) . There are two isoforms in vertebrates (GRASP55 and GRASP65) and a single gene in other organisms, although the gene has been lost in plants. Despite the proposed functions based on in vitro studies, siRNA depletion of GRASP in Drosophila and mammalian cells (GRASP65), as well as gene knockout in S. cerevisiae, have no significant effect on cisternal stacking or general protein secretion (Behnia et al., 2007; Kondylis et al., 2005; Puthenveedu et al., 2006; Short et al., 2001; Shorter et al., 1999; Sutterlin et al., 2005) . Moreover, plant cells have perfectly stacked Golgi cisternae despite having lost the GRASP gene. GRASPs are also reportedly required for Golgi fragmentation during mitosis in mammalian cells and mitotic progression in both yeast and mammalian cells (Colanzi et al., 2003; Norman et al., 1999; Preisinger et al., 2005; Stanley et al., 1997; Sutterlin et al., 2002; Wang et al., 2005) . In sum, GRASPs have been proposed to carry out many functions, but their precise physiological role remains elusive. This might be a reflection of the systems and the assays used thus far to investigate the role of GRASPs. We therefore chose to study the role of GRASP in a developmentally regulated organism Dictyostelium discoideum, which is amenable to genetic manipulation.
Development in Dictyostelium generates two major cells types: prespore and prestalk cells (Anjard et al., 1998; Shaulsky and Loomis, 1996) . Spore formation is activated by the release of the protein AcbA from prespore cells (Anjard and Loomis, 2005) . Once secreted, AcbA is cleaved to produce the spore differentiation factor-2 (SDF-2) by the proteolytic activity of an ABC transporter/ serine protease, TagC, located on the surface of stalk cells. SDF-2, along with other activating peptides, leads to sporulation (Anjard and Loomis, 2005; Anjard et al., 1997 Anjard et al., , 1998 .
We have found that deletion of the single gene encoding GRASP in Dictyostelium inhibits secretion of AcbA from prespore cells and thus dramatically reduces spore viability. Interestingly, AcbA lacks a signal sequence necessary for translocation into the endoplasmic reticulum and its subsequent traffic along the conventional secretory pathway. Transport of the SDF-2 receptor, DhkA, to the cell surface is unaffected in the GRASP null strain. Likewise, the conventional secretion of Apr, lysosomal hydrolases, and the spore coat proteins are normal in GRASP null cells. Our findings on the involvement of GRASP in unconventional protein secretion during cellular development are discussed.
RESULTS

Characterization of Dictyostelium discoideum GRASP Protein
It has been shown previously that the GRASP proteins contain two PDZ-like domains followed by a variable C-terminal region (Barr et al., 1998; Wang et al., 2005) . A BLAST search using both GRASP55 and GRASP65 proteins revealed that only the two N-terminal PDZ domains are conserved in all eukaryotic GRASP proteins. The single GRASP homolog in Dictyostelium, which we named GrpA, contains the two conserved N-terminal PDZ domains and a very short C terminus. Sequence comparisons reveal that the first PDZ domain is 47% identical to rat GRASP55 PDZ-1. The second PDZ domain is relatively more conserved, with a 56% sequence identity with rat GRASP55 PDZ-2 domain. Sequence comparison of all the available genomes revealed that plants lack a bona fide GRASP homolog, even though early diverging organisms (protists) contain a highly homologous GRASP protein ( Figure 1A ).
GRASPs are localized to the Golgi membranes through their N terminus; in mammalian cells, the N-terminal glycine is myristoylated, whereas in S. cerevisiae and other fungi, an N-terminal amphipathic helix forms, and (A) The rat GRASP65 (AF015264) and rat GRASP55 (AF110267) PDZ domains (PDZ-1 and PDZ-2) were used to identify GRASP homologs in D. rerio (NP_956997 and NP_001007412), C. elegans (NP_501354), D.melanogaster (AAF49092), S. cerevisiae (NP_010805), S. pombe (NP_593015), D. discoideum (EAL60823), L. major (CAJ06649), P. falciparum (AAN35366), and P. y. yoelii (EAA21406). Percent identities were obtained by ClustalW analysis. The N-terminal PDZ domains of GRASPs are highly conserved, while the C-terminal region is highly divergent in the corresponding GRASP homologs. The Dictyostelium C-terminal region is truncated in comparison with the mammalian GRASP proteins and is not rich in potential phosphorylation sites, which are thought to regulate mammalian GRASP function during mitosis. Percent identity is listed above each domain and the amino acid length of each homolog immediately follows the protein. Only rat GRASP55 is used in percent identity comparisons with other orthologs. (B) An N-terminal sequence alignment of vertebrate, invertebrate, fungi, and protists GRASP orthologs reveal that the N-terminal glycine (arrow), responsible for its anchoring to the Golgi via myristoylation, is conserved in D. discoideum. The S. cerevisiae ortholog lacks the N-terminal myristoylation but instead folds into an amphipathic helix, which is acetylated at its second amino acid (arrow).
is acetylated for its attachment to the cis-Golgi membranes (Barr et al., 1997; Behnia et al., 2007; Shorter et al., 1999) . GrpA contains the conserved N-terminal glycine, as do the protists P.y. yoelii and L. major (Struck et al., 2005) (Figure 1B) . Interestingly, the C terminus of eukaryotic GRASP proteins vary in size and have no conserved sequence homology with any known protein. Therefore, GRASP proteins are identified on the basis of their homologous N-terminal PDZ domains followed by a low complexity C-terminal region. It has been reported that such low-complexity regions have multiple functions, including but not limited to protein-protein interactions, substrate binding, or to maintain the structural integrity of a protein (Sim and Creamer, 2002) . The C-terminal region of GrpA compared with other GRASP proteins is truncated and contains a high percentage (34%) of the amino acid glutamine. Interestingly, the mammalian GRASP proteins have longer C termini and are enriched instead in Ser/Thr and prolines. This could potentially explain the involvement of mammalian GRASPs in mitosis-specific events through it C terminus, which is a substrate for mitotic kinases (Feinstein and Linstedt, 2007; Preisinger et al., 2005; Sutterlin et al., 2002; Wang et al., 2005) .
Based on the Dictybase gene sequence (DDB0191849), primers were generated to PCR the grpA gene from wildtype (WT) AX4 genomic DNA. Four hundred base pair flanking regions were used for homologous recombination to disrupt grpA with the Blasticidin gene as the selective marker. Clones were screened using PCR, Southern blot analysis, and confirmed with restriction enzyme digestion of genomic DNA from both WT and grpA À cells.
GRASP Is Not Required for Cell Growth in Dictyostelium
To test the role of GRASP in cell growth and viability, WT AX4 and grpA À mutant cells were grown in suspension and counted each day in triplicate for 4 days. The loss of GrpA had no effect on the doubling time of axenically growing Dictyostelium cells when compared to WT AX4 ( Figure 2A ). The GRASP proteins were originally identified in vitro as factors involved in regulating Golgi structure in mammalian cells. To test the involvement of GRASP in Golgi structure and organization, we stably transformed a Golvesin-GFP marker previously shown to localize to the Golgi apparatus (Schneider et al., 2000) into both WT AX4 and the grpA À strain. Immunofluorescence microscopy revealed that Golvesin-GFP staining of a perinuclear Golgi is similar in both strains. Based on immunofluorescence data, we suggest that the Golgi membranes maintain their overall organization in grpA À cells ( Figure 2B ).
GRASP Is Required for Dictyostelium Spore Viability
Following starvation, Dictyostelium cells aggregate and differentiate into two major cell types, prestalk and prespore cells, which ultimately form fruiting bodies containing mature spores. To test if GrpA has any role in cellular development, both AX4 and grpA À strains were allowed to develop for 24 hr before fruiting bodies were collected and treated with a mild detergent. Spores produced from both strains were isolated and counted, and a fixed number were plated together with a K. aerogenes bacterial suspension as a food source. After 4 days, individual plaques were counted to determine percent spore viability. We found that only 25% of spores plated from the grpA À strain were viable as compared with 100% of WT AX4 spores (Table 1) .
GRASP Is Required for the Production of SDF-2
Proper spore formation requires two major peptide factors, SDF-1 and SDF-2 (Anjard et al., 1998) . To measure secreted levels of SDF-1 and SDF-2, we isolated these peptides based on their ability to tightly bind either cation (C-50) or anion (A-25) exchange resins (Anjard et al., 1997) . The enriched SDF-1 and SDF-2 fractions were incubated with KP cells to test for their ability to activate spore formation (Anjard et al., 1998) . As reported previously, KP cells are a Dictyostelium AX2 cell line, which overexpresses protein kinase A (PKA) under the control of its own promoter. When developed at low density monolayers for 18 hr, these KP cells are capable of producing spores within 1 to 2 hr and, therefore, provide a suitable assay to monitor the ability of cells to produce, secrete, and process AcbA as well as other factors involved in sporulation (Anjard et al., 1998) . To investigate the significance of GRASP in spore viability, we measured the levels of SDF-1 and SDF-2 production during development in WT and grpA À fruiting bodies. Interestingly, we found that grpA À cells produce normal levels of SDF-1 but no measurable SDF-2 (Table 1) . AcbA is a 10 kD protein that lacks a signal sequence for targeting to the conventional secretory pathway (Anjard and Loomis, 2005) . AcbA, upon release from the prespore cell, is cleaved by the stalk-specific protease TagC to generate the peptide SDF-2. SDF-2 binds to the histidine kinase receptor, DhkA, thus generating a feedback loop that promotes further AcbA release from prespore cells, a burst in SDF-2 production, and ultimately terminal differentiation of spore cells (Anjard and Loomis, 2005) . Therefore, generation of SDF-2 requires that AcbA be produced, secreted, and cleaved by TagC, all of which requires the presence of the receptor DhkA for downstream signaling.
GRASP Is Required for the Unconventional Secretion of AcbA
To test whether grpA À cells are capable of producing AcbA, grpA À and AX4 cells were harvested at 0 hr and 22 hr during development. Cell pellets were resuspended in buffer and lysed by passing through a Nuclepore TrackEtch membrane. Samples were analyzed on a 10%-20% Tris-tricine gradient gel and transferred to PVDF membrane. Western blot analysis revealed that the grpA À fruiting bodies produce normal levels of AcbA within the cells both during vegetative growth and during development ( Figure 3A ). Fractionation of cells revealed that AcbA is almost entirely present in a soluble pool (not membraneassociated), and this distribution is unaltered in grpA À cells both during vegetative growth and development ( Figure 3B ).
Since grpA À cells are capable of producing AcbA, we next tested for their ability to secrete AcbA. Purified SDF-2 added exogenously at low levels to WT cells stimulates AcbA release, a process termed priming (Anjard et al., 1997) . Priming cells with SDF-2 both promotes the release of AcbA from prespore cells as well as the presentation and activation of TagC on stalk cells (Anjard and Loomis, 2005) . Both of these responses are triggered by binding of SDF-2 to the receptor DhkA, which must be present on both cell types (Wang et al., 1999) . Therefore, an increase in SDF-2 production due to AcbA processing by the protease TagC is a measure of AcbA release. The presence of AcbA/SDF-2 in the secreted medium was measured using the KP cell sporulation assay (Anjard and Loomis, 2005) . We found that priming grpA À cells with low levels of SDF-2 failed to increase SDF-2 levels, whereas WT cells produced high levels of SDF-2 (Table 1) .
SDF-2 levels are dependent upon the activity of the protease TagC to process secreted AcbA. Therefore, we next tested whether TagC is active and present on stalk cells in grpA À fruiting bodies. When grpA À cells were primed with SDF-2 in the presence of recombinant AcbA, we found that SDF-2 levels were restored to normal as compared with WT cells (Table 1 ). This illustrates that both DhkA and TagC are active and present on the surface of grpA
AcbA is also released in response to GABA (gammaaminobutyric acid), acting through its receptor GrlE (Anjard and Loomis, 2006) . Similar to SDF-2 priming, priming cells with GABA leads to AcbA secretion and TagCmediated cleavage to produce SDF-2. The GrlE pathway is independent of the DhkA pathway and both independently control the unconventional secretion of AcbA. To determine whether GABA is capable of inducing AcbA expression in grpA À cells, we performed the experiment As described previously, spores from each strain were collected and plated on SM plates together with a K. aerogenes bacterial suspension to test spore viability (Anjard and Loomis, 2005) . The amount of SDF-1 and SDF-2 was normalized in units per 10 3 cells. Priming cells with SDF-2 alone does not rescue SDF-2 levels in the grpA À strain, but the addition of SDF-2 + AcbA rescues levels of SDF-2, indicating that both DhkA and TagC are present and active in grpA À cells. Priming cells with 10 nM GABA in place of SDF-2 gave similar results. The intracellular AcbA was determined by treating cell lysates with trypsin to convert it into SDF-2. No SDF-2 (less than 0.2 units) was detected from lysates of acbA À null cells. Addition of 10% wild-type (AX4) cells to grpA À cells was able to rescue grpA À spore viability but was not able to recover SDF-2 levels. A mixture with 10% acbA À reveals that SDF-2 is not generated from the grpA À strain. Therefore, the grpA À phenotype is cell autonomous for SDF-2 production and non-cell autonomous for spore viability. All experiments were carried out at least three times except for the GrpA-Flag overexpression experiment (n = 1). ND: not determined. described above, but instead of SDF-2, GABA was used to prime the cells. We found that in grpA À cells, GABA did not induce the release of AcbA, but SDF-2 levels were restored with the addition of GABA and recombinant AcbA (data not shown). From these studies, we conclude that GRASP is not required for the cell-surface expression of DhkA, GrlE, or the presence and activation of TagC but is required for the release of AcbA from the prespore cell, whether they are activated by GABA or SDF-2.
Spore Viability Is a Direct Consequence of the GRASP-Dependent Secretion of AcbA To test the cell autonomy of the grpA À phenotype, AX4
were mixed with grpA À cells at a ratio of 1:10 and allowed to develop for 24 hr. Interestingly, spore viability dramatically increased to 93% (Table 1) . To determine the strain responsible for the production of viable spores, the spores were isolated, plated, and selected for Blasticidin resistance, the gene used to disrupt grpA. Approximately 90% of the viable spores were found to originate from the grpA À strain (data not shown). This indicates that the addition of AX4 cells was able to rescue spore viability of the grpA À mutant strain. To determine which strain was responsible for AcbA secretion and hence SDF-2 production in the same experiment, fruiting bodies were collected and SDF-2 levels measured as before. The levels of SDF-2 were only 7% compared with the normal (Table 1 ). This suggests that SDF-2 is produced by the WT cells, which were present at 10%, and not grpA À cells. Therefore, in the presence of SDF-2, spore viability of grpA À cells is completely rescued. In comparison, the secretion of AcbA by WT cells was unable to rescue AcbA secretion in grpA À cells (Table  1) . This is consistent with our previous experiments of priming grpA À cells with SDF-2. We conclude that spore inviability is a non-cell-autonomous process and is rescued by SDF-2 signaling pathway, whereas AcbA secretion is a cell-autonomous process that cannot be rescued by WT cells. Interestingly, spore viability recovery also indicates that the conventional secretion of the spore coat proteins is normal in grpA À cells. Therefore, the decreased spore viability is a direct consequence of the inhibition of AcbA secretion. (B) Cell lysates of fruiting bodies collected after 22 hr of development were centrifuged at 12 K for 10 min, followed by centrifugation of the supernatants at 55 K for 1 hr. The 55K pellet (P) and the supernatant (S) were analyzed on a 10%-20% Tris-tricine gel and transferred to PVDF membrane. Anti-AcbA immunostaining indicates that AcbA is almost entirely in a soluble pool in both WT and grpA À cells.
(C) Growth medium from vegetative WT and grpA À cells grown at the same density was collected at the times shown to measure Apr secretion by western blotting with an anti-Apr antibody. There is no obvious difference in the amount and the kinetics of Apr secretion between grpA À cells and WT cells.
(D) WT and grpA À cells grown to the same cell density were transferred to phosphate buffer and incubated for 4 hr, followed by washing and continued incubation in phosphate buffer for additional 2 hr. After 6 hr of starvation, the cells were harvested and the supernatant tested for the presence of N-acetyl-glucosaminidase and a-mannosidase enzymatically at the times shown. There is no defect in the secretion of these lysosomal hydrolases, as measured by their activity, in grpA À cells compared with the WT cells.
To further test that grpA À cannot produce SDF-2, acbA À cells were mixed with grpA À cells at a ratio of 1:10 and allowed to develop for 24 hr. Although a partial increase in spore viability was seen, SDF-2 levels were not rescued (Table 1) . These combined results show that the inability of grpA À cells to secrete AcbA from prespore cells is directly involved in the dramatic loss of spore viability of these cells. Although no posttranslational modifications have been found, it is possible that GRASP has a role in the intracellular processing/maturation of AcbA, which may be necessary for its secretion during development. To test this possibility, intracellular AcbA from WT and grpA À cells was collected and tested for its ability to produce SDF-2. Developed WT and grpA À cells were lysed; extracts were treated with trypsin; SDF-2 was purified on anionic beads and tested on KP cells. Extracts from both the WT and grpA À cells produced comparable levels of SDF-2 (Table 1 ). All together, these findings strengthen our proposal that grpA À cells produce functionally active
AcbA but fail to secrete it. It is well established that defects in the conventional secretion of a number of factors result in aberrant cell growth and development for Dictyostelium (Devine et al., 1983; Metcalf et al., 2003; West, 2003) . The fact that addition of AcbA to grpA À cells restores the spore viability is a strong indication that conventional secretion is not inhibited by GRASP deletion. To further test this proposal we monitored the secretion (ER-Golgi-cell surface) of a protein called Apr, which regulates the growth of Dictyostelium (Brock and Gomer, 2005) . Vegetative cells were collected, and the medium was analyzed by western blotting for the presence of Apr from both WT and grpA À cells. We found no obvious change in the kinetics of Apr secretion between WT and grpA À cells ( Figure 3C ). In addition, we have monitored the conventional secretion of two lysosomal hydrolases, N-acetylglucosaminidase and a-Mannosidase, that are synthesized following the initiation of development. Under starvation conditions, lysosomal hydrolases are secreted by Dictyostelium cells (Mierendorf et al., 1985; Wood and Kaplan, 1985) . We found that grpA À cells show no defect in the release and activity of these secreted enzymes when compared with WT cells ( Figure 3D ). All together our findings reveal that GrpA depletion does not affect the conventional secretory pathway.
Overexpression of GRASP Rescues SDF-2 and Spore Viability in grpA À Cells
To determine if the phenotype of grpA À cells is a direct result of the loss of the GRASP gene only, grpA was cloned from AX4 genomic DNA, fused with a Flag-tag sequence, and transformed in grpA À cells. The reintroduction of WT GrpA-Flag rescued both SDF-2 levels and spore viability (Table 1) . Therefore, we can conclude that GRASP is directly responsible for the unconventional secretion of AcbA during the terminal differentiation of spore cells during Dictyostelium development.
To test whether GRASP binds directly to AcbA during development, cells overexpressing GrpA-Flag were allowed to develop, and fruiting bodies were collected at 20, 22, and 24 hr of development. Cells were lysed and GrpA-Flag was immunoprecipitated with an anti-Flag antibody conjugated to agarose beads. Samples were analyzed on a 10%-20% gel as described above and stained for AcbA. Although we were able to immunoprecipitate GrpA-Flag, AcbA failed to coprecipitate (data not shown). This suggests that GRASP, although essential for its secretion, does not appear to directly bind AcbA during Dictyostelium development.
The Unconventional Secretion of AcbA Is Not through ABC Membrane Transporters A number of routes have been proposed for the release of proteins lacking a signal sequence (Nickel, 2005) . These include release through membrane (ABC) transporters, encapsulation of cargo into vesicles that ultimately fuse with the cell surface, as well as other unidentified schemes. Sixty-eight ABC transporters have been identified in Dictyostelium (Anjard and Loomis, 2002) . It has been reported that pharmacological inhibition of the ABC transporter/TagC blocks the generation of SDF-2 as a result of lack of the protease activity (Anjard and Loomis, 2006; Good et al., 2003) . To test the involvement of ABC transporters in the release of AcbA, we primed KP cells with low levels of GABA and measured the release of AcbA in the presence or absence of pharmacological inhibitors (Table 2 ). To measure the activity of released AcbA, we made use of the fact that it contains trypsin-sensitive sites where cleavage produces SDF-2. Our results show that in the presence of ABC transport inhibitors, AcbA is released but not converted into SDF-2 because of the inactivation of the TagC-mediated proteolysis (Table 2 ). These results suggest that unconventional secretion of AcbA is not through an ABC transporter in Dictyostelium (Figure 4) .
Since the GRASP proteins are well conserved, we decided to test whether GRASP is required for unconventional secretion of a-factor in S. cerevisiae. The unconventional secretion of a-factor through the ABC transporter Ste6p requires Ste14p (Huyer et al., 2006) . This is necessary for the growth arrest and proper mating of MATa and MATa strains. Therefore, quantitative bioassays (halo assays) were used to monitor a-factor secretion by pheromone-induced growth arrest (Sprague, 1991) . A lawn of MATa sst2 tester cells was grown on YPD plates. These tester strains are sensitive to the presence of a-factor, causing the cells to undergo a G1 arrest. The G1 arrest appears as a clear zone termed a halo around a-factor secreting cells. MATa cells, which secrete a-factor, were spotted at three different concentrations onto the MATa tester lawns. Our findings revealed that after 48 hr, WT yeast secreting a-factor resulted in the formation of a halo around the spotted MATa cells. As a negative control, we tested the Ste14p mutant strain, which is unable to secrete a-factor. As expected, MATa cells lacking Ste14p did not form the halo. Conversely, the GRASP (Grh1)-deleted MATa cells formed a halo like their WT counterparts ( Figure 5 ). These results reveal that Grh1 in S. cerevisiae is not involved in the secretion of a-factor via the membrane transporter. Taken together, our findings suggest that GRASP-dependent release of proteins lacking a signal sequence is not via the cell-surface ABC transporters.
DISCUSSION
Our findings reveal that GrpA is essential for differentiation of spore cells during development through its direct requirement in the unconventional secretion of AcbA.
AcbA belongs to a group of proteins that are secreted from cells yet lack a signal sequence essential for targeting to the conventional ER-Golgi secretion pathway. Among these proteins are the fibroblast growth factors FGF1 and FGF2, the inflammatory cytokine interleukin 1b, macrophage migration inhibitory factor (MIF), and a-factor in S. cerevisiae (Flieger et al., 2003; Nickel, 2005; Schafer et al., 2004; Seelenmeyer et al., 2005; Sprague, 1991; Stegmayer et al., 2005) . Similar to AcbA release in Dictyostelium, the secretion of these components is a regulated process. Unconventional secretion routes can be independent of each other and may include either vesicular or nonvesicular pathways (Nickel, 2005) . Very little is known about AcbA release, but we have shown that the inhibition of ABC transporter activity does not block the secretion of AcbA from prespore cells. Moreover, deletion of the GRASP gene (grh1) in S. cerevisiae does not affect the unconventional secretion of a-factor from its ABC transporter. We therefore suggest that GRASP is not involved in secretion by an ABC transporter-mediated pathway. Whether GRASP-mediated secretion of AcbA involves a mechanism akin to formation of an autophagosome, direct flipping of the protein across the plasma membrane or a yet-to-be-identified mode of release from the cells are now possibilities to explore.
GRASP Function: Conserved or Cell-Type Specific?
The GRASP proteins are localized to Golgi membranes in all eukaryotes, from Plasmodium to mammals (Barr et al., 1997; Behnia et al., 2007; Kondylis et al., 2005; Shorter et al., 1999; Struck et al., 2005) . These proteins have Developed KP cells were treated in the absence or presence of vanadate, verapamil, or corticosterone for 1 hr before addition of 10 nM GABA. Ten minutes later 100 ml of supernatant was collected and incubated with 1 ml of trypsin (5 mg/ml) to convert AcbA into SDF-2 independent of the endogenous TagC protease. All experiments were repeated at least two times.
As a control, we tested the ability of the ABC transporter fusion protease TagC, whose proteolysis of AcbA is dependent on ABC activity, to produce SDF-2. One nanomolar recombinant AcbA was added to the media after the induction by GABA as described above. After an incubation of 1 hr at room temperature, the supernatants were tested for the presence of SDF-2 by serial dilution on fresh KP test cells. We conclude that the release of AcbA is independent of the general activity of ABC transporters. (Nickel, 2005) . The unconventional secretion of AcbA may involve the use of vesicular or nonvesicular routes. Based on our experimental findings we suggest that the unconventional secretion of AcbA is not via ABC transporters.
mainly been studied in the context of Golgi structure, general protein secretion, and in Golgi fragmentation during mitosis in mammalian cells. But, as mentioned above, its function in vivo with regards to these processes remains unclear. Our result show that GRASP is essential for the unconventional secretion of AcbA during Dictyostelium cellular development. While this is the first definitive role of GRASP in vivo, our findings raise an obvious question. Is GRASP involved in unconventional protein secretion in (all) eukaryotes, or does its function vary depending upon the cell type? In order to resolve this issue, we first need to identify the role of GRASPs in other cell types and organisms. Once this function is known, its mechanism of action can be deciphered. Furthermore, there are two GRASP proteins in mammalian cells; are both involved in unconventional secretion, and are their functions developmentally regulated? As mentioned earlier, the N-terminal region of GRASPs are highly homologous. The C-terminal regions are diverse. The mammalian GRASPs have a longer C-terminal region, enriched in Ser/Thr, and are a substrate of mitotic kinases (Feinstein and Linstedt, 2007; Preisinger et al., 2005; Wang et al., 2005; Yoshimura et al., 2005) . The C terminal of Dictyostelium GRASP is truncated and enriched in glutamine. It is therefore important to test whether the mammalian GRASPs are also involved in unconventional secretion, which of the two forms closely resemble the Dictyostelium GRASP functionally, and whether these forms are interchangeable. AcbA is highly similar to the mammalian protein acylCoA binding protein (ACBP), which is released by glial cells and processed into the neuropetide benzodiazepine binding inhibitor (DBI). DBI binds to GABA-A ionotrophic receptors on postsynaptic neurons and regulates the effects of GABA (Guidotti et al., 1983) . The mechanism of ACBP secretion (lacking a signal sequence) is not known. Sequence comparison reveals that GrpA is relatively more homologous to GRASP55 than GRASP65. We predict that GRASP proteins, especially GRASP55, in neurons are likely involved in secretion of ACBP. Therefore, further dissection of the role of GRASP in unconventional secretion will not only help understand the processes of angiogenesis and immune reaction but also in the development of a drug target for various neuropsychiatric ailments.
Golgi Membranes and Their New Physiological Functions
The role of Golgi membranes in intracellular sorting and transport of proteins has long been confirmed (Farquhar and Palade, 1981) . More recently however, it has been shown that its organization regulates progression of cells into mitosis; its fragmentation during mitosis releases the attached protein ACBD3 to regulate cell fate; and our new findings reveal that GRASP regulates the unconventional secretion of proteins such as AcbA in a development specific manner (Colanzi et al., 2007; Feinstein and Linstedt, 2007; Sutterlin et al., 2005; Zhou et al., 2007) . Thus, Golgi membranes, through their localization, organization, and protein composition regulate cellular functions in addition to the sorting and transport of conventionally secreted proteins. A better understanding of the organizational complexities of Golgi membranes will help reveal insights into their new and important functions.
EXPERIMENTAL PROCEDURES
Disruption of grpA by Blasticidin S Gene Disruption The GRASP gene was identified using the PDZ-2 domain of rat GRASP55 as the BLAST query in dictyBase. The UTR region was very A-T rich and unsuitable for PCR. Primers were designed to clone regions of the gene to serve as the homologous recombination sites for the gene disruption. The first 400 kb and last 400 kb regions of the gene were cloned using the following primers: 5 0 -GGCCGAATTCATGGGAC AACAACAATCACAAAG-3 0 and 5 0 -TTATGGATCCGAAGTTCTGCTTC ATGTGCTGG-3 0 primers were used to clone the 5 0 400 bp region of the gene. 5 0 -TTATGGATCCGGTAGTTTAGGTTGTGATATTGG-3 0 and 5 0 -GGCCTCTAGATTACAATTGAACTTTACTAAACTGG-3 0 primers were used to clone the 3 0 400 bp region. The PCR products were inserted together into the pBSII (KS+) transport vector (Stratagene). Blasticidin was excised from the pBSR19 vector using BamHI. This digest was inserted between the 5 0 and 3 0 flanking regions of the grpA gene using the BamHI site. Correct orientation of the Blasticidin insert was confirmed by restriction digest and sequencing. The GrpA gene disruption construct was linearized by digestion before transformation. Transformation and selection for Blasticidin S resistance were carried out as previously described (Shaulsky and Loomis, 1996) . Resistant clones were screened by PCR, using the 5 0 and 3 0 primers of grpA, 5 0 -GGCCGAATTCATGGGACAACAACAATCACAAAG-3 0 and -GGCCT CTAGATTACAATTGAACTTTACTAAACTGG-3 0 followed by Southern blot analysis of genomic DNA. Southern blots of restriction digested genomic DNA was also performed (Vollrath et al., 1988) . Each selection process was based on an upward band shift of 1.6 kb, indicating the presence of the Blasticidin gene within the GRASP locus.
Growth Curve and Doubling Time Calculation AX4 and grpA À strains were grown in flasks starting with 1 3 10 6 cells/ ml in HL5 media. Cells were collected and counted each succeeding day until the cell density became static. Doubling time was calculated Quantitative bioassays (halo assays) were used to monitor a-factor secretion by pheromone-induced growth arrest. Cells were grown in rich culture media (YPD). MATa sst2 tester cells were top spread onto YPD plates, and MATa cells were spotted onto the MATa tester lawns. The relative ability of MATa cells to secrete a-factor was determined by comparing halo diameters in the lawn of MATa sst2 tester cells (dotted red circle). The MATa strains, ste14
, and the isogenic wildtype control (BY4714), were tested side by side using three separate dilutions, of which one spot of each is shown above.
using the following equation: T 2 = (t ln2)/ln (N/N 0 ), where t is the elapsed time in hours, N is the current cell count, and N 0 is the initial cell count.
Overexpression of WT GrpA in grpA À Cells
The 5 0 and 3 0 grpA flanking primers were used to clone grpA from genomic AX4 DNA: 5 0 -GGCCGAATTCATGGGACAACAACAATCACAA AG-3 0 and 5 0 -GGCCTCTAGATTACAATTGAACTTTACTAAACTGG-3 0 .
The PCR product was inserted into pBSII (Stratagene) for sequencing, then transferred to pA15. Primers were designed to insert a Flag tag at the 3 0 end of the gene using the MunI restriction site at the end of the native grpA sequence. Colonies were picked and screened for the expression of GrpA-Flag by western blot analysis.
Spore Viability Assay, SDF Measurements
The KP strain is a previously described derivative of strain Ax2 overexpressing protein kinase A (PKA) under the control of its endogenous promoter (Anjard et al., 1998) . This strain was used for the sporogenous bioassays as described in Anjard et al., (1998) . Vegetative cells were harvested during exponential growth and resuspended in 1 ml buffer (20 mM MES at pH 6.2, 20 mM NaCl, 20 mM KCl, 1 mM MgSO 4 , 1 mM CaCl 2 ). Added to 12.5 ml buffer containing 5 mM camp were 4.5 x 10 4 KP cells. Five hundred microliters of aliquots were distributed in each well of a 24-well dish, resulting into a density of 2 3 10 3 cells/cm 2 . The cells were incubated overnight at 23 C before addition of test samples or defined products. Induction of spore formation was scored by counting spores and undifferentiated cells 1 hr (SDF-2) or 2 hr (SDF-1) after addition of the samples. SDF-1 and SDF-2 activity was determined by serial dilution of the sample before addition to KP cells. One unit corresponds to the lowest dilution, giving full induction of spore formation. The number of units in the sample were standardize to 10 3 producing cells when applicable.
To test SDF production in fruiting bodies, a total of 10 7 cells of each strain or mixture was developed on a filter saturated with PDF (20 mM phosphate buffer at pH 6.5, 20 mM KCl, 1.2 mM MgSO 4 ) for 24 hr as previously described (Anjard and Loomis, 2005) . Fruiting bodies were dissociated in 1 ml buffer and centrifuged at high speed. Aliquots of the supernatant were harvested to measure the level of SDF-1 and SDF-2 produced, while the pellet was kept to determine spore viability. Supernatants were incubated with either cation (C-50) or anion (A-25) exchange resins to trap SDF-1 and SDF-2, respectively, before testing on the KP cells. To measure AcbA inside cells, 10 7 cells of each strain were developed on a filter saturated with PDF (20 mM phosphate buffer at pH 6.5, 20 mM KCl, 1.2 mM MgSO 4 ) for 22 hr and then dissociated in 1 ml buffer containing 0.5% Triton X-100. The cells were lysed and incubated with protease inhibitors. Twenty-five microliters of trypsin (5 mg/ml) was added to the sample and incubated at 37 C for over 3 hr. Trypsin was inactivated by incubation at 95 C for 15 min, and the lysates were briefly spun to remove insoluble material. The supernatant was incubated with 50 ml anion (A-25) exchange resins, which binds SDF-2. The resin was washed twice with 1 ml buffer, and SDF-2 was eluted in 1 ml buffer containing 1 M NaCl. The amount of SDF-2 was then determined by serial dilution, as described before with developed KP cells. Spore viability was determined by resuspending the fruiting body pellets in 1 ml PDF containing 1% Triton X-100. After 5 min of incubation, the detergent resistant spores were collected by centrifugation, resuspended in 1 ml buffer, and counted. Roughly 50 spores were plated on SM plates together with a K. aerogenes suspension. Two plates were made for each sample, and at least three experiments were performed for each strain and synergy assay. The number of plaques was counted after incubation for 4 days at room temperature.
Golvesin-GFP Immunofluorescence and Western Blot Analyses
Cells were grown in HL-5 medium supplemented with 5 mg/ml G418. For immunofluorescence, cells were plated on polylysine-treated glass coverslips for 15 min. Cells were fixed in À20 C methanol for 15 min, washed with Hoechst 33342 in PBS, and mounted for microscopy. For western blotting, cells were plated for development, as described above, and fruiting bodies were collected at various time points. To monitor AcbA levels, cells were resuspended in 10 mM Tris-Cl at pH 7.4, 1 mM EDTA, 1 mM PMSF, plus a protease inhibitor cocktail of aprotinin, leupeptin, and pepstatin. Cells were lysed by passing through a Nuclepore Track-Etch membrane (Whatman). The lysate was centrifuged at 12 K for 10 min; the supernatants were normalized for equal protein loading and analyzed on a 10%-20% Tris-tricine gradient gel (BioRad). Samples were transferred to a PVDF membrane, fixed in 1% glutaraldehyde, and immunoblotted with anti-AcbA. For Flag immunoprecipitation, fruiting bodies were collected at 0, 20, 22, and 24 hr of development, cells were lysed as described above and proteins levels were normalized and loaded onto anti-Flag M2 agarose beads (Sigma). The lysate-bead slurry incubated at 4 C for 2 hr. The beads were centrifuged at a low speed and washed with lysis buffer. The beads were boiled in sample buffer including SDS and were analyzed on a 10%-20% Tris-tricine gradient gel (BioRad) and processed as described above. The transfer was immunoblotted with both antiFlag M2 antibody (Sigma) and anti-AcbA. For AcbA membrane fractionation, cell pellets were lysed as mentioned above. Cell lysis was centrifuged at 12 K for 10 min. The supernatant was transferred to a new tube and centrifuged at 55 K for 1 hr. Protein concentrations were normalized for equal loading. The 55 K pellet (P) and the supernatant (S) were analyzed on a 10%-20% Tris-tricine gel, transferred to PVDF, and immunoblotted with anti-AcbA.
ABC Transport Activity and AcbA Release
Developed KP cells were treated in the absence or presence of vanadate, verapamil, or corticosterone for 1 hr before addition of 10 nM GABA for 10 min. Supernatants were then collected and incubated with 1 ml of trypsin (5 mg/ml) to convert AcbA into SDF-2 independent of TagC. After 2 hr, at 37 C samples were tested for SDF-2 activity at various dilutions on KP cells (Anjard and Loomis, 2006) . The activity of TagC in the presence of the ABC transporter inhibitors were carried out in parallel. The addition of 1 nM recombinant AcbA was added to the media after the induction by GABA. After an incubation of 1 hr at room temperature, the supernatants were tested for the presence of SDF-2 by serial dilution on fresh KP test cells.
Lysosomal Enzyme Assay
Vegetative AX4 and grpA À cells were grown separately in HL-5 medium and collected, centrifuged at low speed, and washed in PDF.
To activate lysosomal enzyme synthesis and release, 10 7 cells/ml were shaken in PDF at 23 C. After 4 hr, the cells were washed and continued shaking in PDF for an additional 2 hr. AX4 and grpA À cells were centrifuged at low speed, and the supernatant was further centrifuged at high speed (12 K for 1 min) to remove possible cell debris. The supernatant of each sample was tested for activity using p-nitrophenyl substrates to their corresponding lysosomal hydrolases. One hundred microliters of each sample was added to 500 ml of 5 mM sodium acetate pH 5, followed by either 80 ml of 50 mM p-nitrophenyl-N-acetyl glucoasminidine or p-nitrophenyl-a-D-mannopyranoside. Samples were incubated at 35 C for 0, 30, and 60 min. The reactions were stopped with the addition of 700 ml of 1 M Na 2 CO 3 , and the absorbency was measured at 420 nm. The absorbency of each sample was normalized with total protein concentration of each sample and plotted as specific activity over time; n = 3.
Secretion of Apr and Western Blotting
WT and grpA À at 10 6 cells/ml were allowed to shake at room temperature. Samples were collected and centrifuged at low speed. The supernatant was centrifuged at high speed to remove potential cell debris. Sample buffer was added to the high-speed supernatant and analyzed by western blotting with anti-Apr antibody at 0.4 mg/ml in blocking buffer.
Pheromone Response Assay
Quantitative bioassays (halo assays) were used to monitor a-factor secretion by pheromone-induced growth arrest (Sprague, 1991 
